Problem: During pregnancy, the decidual spiral arterioles (SpAs) that supply maternal blood to the placenta undergo a series of changes to optimise the transfer of nutrients and oxygen to the developing foetus. Recent studies have shown that initiation of SpA transformation coincides with decidual leucocyte infiltration. Leucocytes are known to be a source of matrix metalloproteinases (MMPs); however, the complete profile of MMPs expressed by decidual NK cells (dNK) and macrophages has not been characterised. We hypothesised that leucocyte-derived MMPs contribute to SpA remodelling.
90% of the total resident immune cells. 7, 8 Other leucocytes include T cells and dendritic cells. Both dNK cells and decidual macrophages are phenotypically distinct from their peripheral blood counterparts, with dNK cells being mostly CD56 bright with low cytotoxicity, and decidual macrophages comprising both M1 and M2 subpopulations. 9, 10 In vitro studies have demonstrated dNK cells and macrophages secrete factors that could contribute to SpA remodelling such as angiopoietin-1, angiopoietin-2 and vascular endothelial growth factor (VEGF)-C, 5, 11 as well as matrix metalloproteinases (MMP)-2 and MMP9. 2, 5, 11, 12 Matrix metalloproteinases are a family of zinc-dependent proteases that are involved in ECM breakdown. Decidual SpA is composed of a range of ECM molecules, including collagen I, collagen III, collagen IV, elastin, laminin and fibrillin, which provide the arteries with physical and tensile strength, and ability to constrict or dilate with blood flow. 13 Recently, we showed that these components become disrupted and eventually lost during the early stages of remodelling (EVT-independent), coinciding with decidual leucocyte SpA infiltration. 6, 14 We therefore hypothesised that decidual leucocyte-derived MMPs are responsi- However, a comprehensive analysis of MMP and TIMP expression by dNK and decidual macrophages has not been performed. In this study, we coupled characterisation of MMP and TIMP expression by dNK cells
and macrophages with functional analysis of MMP action both in vitro and in situ.
| ME THODS

| Tissue collection
First trimester placental tissue (5-9 weeks gestation; n = 8) was collected from healthy women undergoing elective medical or surgical termination of pregnancy. Decidual tissue (5-12 weeks' gestation;
F I G U R E 
| Isolation of primary dNK cells and decidual macrophages
Primary first trimester human dNK cells and decidual macrophages were isolated as previously described. 14 Briefly, decidual tissues were washed, minced and shaken at 37°C for 30 minutes in 10 mL of cocktail (Sigma) containing collagenase (2 mg/mL), 10% foetal bovine serum, soy bean trypsin inhibitor (0.1 mg/mL) and BSA (1 mg/ mL). The digested mixture was passed through a 200 μm sieve, followed by separation of stromal cells and leucocytes from red blood cells using a Lymphoprep density gradient (Cambridge, UK). Using CD56 + and CD14 + magnetic microbeads (MACS Miltenyi Biotec, Surrey, UK), dNK cells and macrophages were isolated from the mixed stromal cells, respectively. The purity of the isolated dNK cells and macrophages was at least 80%, measured using fluorescence-activated cell sorting as previously described. 14 RNA extraction was performed using the RNeasy mini kit (Qiagen, Manchester, UK), followed by treatment with the DNase kit (Ambion, Austin, TX)
to remove contaminating genomic DNA, both according to manufacturer's instructions. amphotericin (all from Sigma-Aldrich, Poole, UK). Conditioned medium was collected after 24 and 48 hours of culture and concentrated fivefold using an Amicon Ultracel 10 K centrifugal unit, as described above.
| dNK cells and macrophage culture
| Reverse transcription and real-time PCR
100 ng of RNA from each sample was reverse transcribed using an AffinityScript Multi Temperature cDNA synthesis kit (Agilent, Berkshire, UK). Real-time qPCR was carried out with specific MMP and TIMP primers (Table S1 ), as described previously. 14 All genes were normalised using geometric mean of three housekeeping genes: YWHAZ, ZNF8232, TBP (Table S1 ).
| Dual immunofluorescence for MMPs and TIMPs, and dNK cells and macrophages during decidual SpA remodelling
Dual immunofluorescence was carried out as previously described (Table S2 contains antibody details). Serial tissue sections were also immunostained for α-SMA (Table S2) Dual immunofluorescence for EVT and MMPs was carried out using the same method, but with an anti-HLA-G antibody as an EVT marker (Table S2 ). (Table S2) , as previously described. 14 The source of all of the biotinylated secondary antibodies was Dako, UK and all working concentrations were 2.5 µg/mL. Serial immunostaining for MMPs and CD56, CD14 or HLA-G were carried out to quantify MMP protein in EVTs, dNK cells and macrophages.
| Immunohistochemistry of MMP expression during decidual SpA remodelling
| Gelatin zymography
Gelatin zymography was performed on conditioned medium from dNK and decidual macrophages as described before. 20 Briefly, conditioned medium containing 2 µg of total protein was loaded onto a 
| In situ zymography of decidual basalis
Serial sections were cut from unfixed, frozen, OCT-embedded decidual samples and immunostained usingmonoclonal antibodies against α-SMA and CD56 or CD14 (Table S2 ). In situ zymography was then performed on the same sections as described before. 2 Sections were counterstained with DAPI, followed by incubation with DQ gelatin (25 µg/mL) for 16 hours at 37°C (Invitrogen). Addition of the broad spectrum MMP inhibitor 1,10 phenanthroline monohydrate (Invitrogen) served as a negative control, with collagenase (Invitrogen) as a positive control.
| Co-culture of decidual leucocytes and myometrial SpA
Unmodified, nonplacental bed SpA was dissected from the superficial and middle layers of myometrial biopsies from term uncomplicated pregnancies using an Olympus SZ40 dissecting microscope, as previously described. 21 Each artery was immobilised in fibrinogen gel, generated by mixing 1 mL of 2.5 µg/mL fibrinogen (Corning, Bedford, UK) with 15 µL of 50 U/mL thrombin (Sigma). 1 mL of the mixture was added to each well of a 24-well plate and incubated for 2 minutes at 37°C. Using forceps, a small shallow indentation was made on the surface of the gel and the myometrial artery was gently placed on the indentation and incubated at 37°C for further 10 minutes. Myometrial arteries were then cultured in RPMI medium Changes in key MMPs/TIMPs were examined with advancing gestation. There was a general trend towards higher mRNA expression by dNK cells at 5-7 weeks gestation than 8-11 weeks, which reached significance for MMP2 (P = 0.0317) and TIMP-2 (P = 0.0079) and -3 (P = 0.0159) (Figure 2 ). Higher expression of MMP2 (P = 0.0317) and TIMP-1 (0.0164) by decidual macrophages was also detected at 5-7 weeks, whilst MMP16 (P = 0.0317) showed the opposite pattern (P < 0.05).
| Statistical analysis
| Localisation of MMPs and TIMPs to infiltrating dNK and macrophages in SpA
Dual immunofluorescence of decidua basalis was performed to establish protein presence and localisation of MMPs and TIMPs that were detected by PCR. MMP2, -7, -9, -11, -16 and -19, TIMP-1, -2 and -3 were detected in dNK cells and macrophages surrounding and infiltrating SpA (Figures 3 and 4) . All MMPs and TIMPS were abundantly expressed by decidual stromal cells, as previously reported. 
| Localisation of MMPs and TIMPs to vEVT and iEVT in decidual basalis
For a comprehensive understanding of MMP/TIMP production during SpA remodelling, expression was also profiled in EVT using immunohistochemistry and dual immunofluorescence of decidual basalis. MMPs that were highly expressed in dNK cells and macrophages were also assessed in EVTs. MMP1, -3, -10 and -13 were included, as these MMPs are known to be important in pregnancy. 
| Secretion of MMP2 and MMP9 by dNK cells, macrophages and EVT
To confirm that decidual immune cells release MMPs, zymography was performed on culture medium from isolated cells. The pro-and active forms of MMP2 and MMP9 were detected in dNK cells, macrophages and EVT conditioned medium (CM; Figure 7A ). Pro-MMP9
was detected in CM from all NK cells and macrophages, with six out of eight samples showing the active form of MMP9 ( Figure 7A ).
None of the dNK cell-and macrophage-CM contained detectable active MMP2; however, pro-MMP2 was detected in six out of eight samples of NK cells and macrophages with no gestation-dependent change observed (Table S3) . Both dNK cells and macrophages exhibited higher total MMP9 than MMP2 (8-and 25-fold more respectively). Macrophages secreted significantly more MMP9 than dNK cells from matched tissues (P = 0.0078). Pro-and active forms of MMP2 and MMP9 were also detected in EVT-CM, with significantly higher amounts of MMP2 than MMP9. Generally higher MMP2 and lower MMP9 activity were observed in EVT-CM than in dNK cells or macrophages when matched for total protein loading (P = 0.0078; Figure 7B ,C). 
F I G U R E 6 MMP and TIMP expression by interstitial extravillous trophoblast (iEVT). Dual immunofluorescence of iEVTs (red-HLAG) with (A) MMP1, (B) MMP7, (C) MMP3, (D) MMP7, (E) MMP9, (F) MMP10, (G) MMP11, (H) MMP13 (I) MMP16, (J) MMP19, (K) TIMP-1 (L) TIMP-2 and (M) TIMP-3 (all green). Representative EVTs expressing
| D ISCUSS I ON
Previous work demonstrated that both EVT and smooth muscle cells participate in ECM breakdown during SpA remodelling. 6, 25 The current study aimed to achieve as complete as possible include tenascin-C, gelatin, aggrecan, collagen type IV, entactin and fibronectin, 35 some of these components are present in the ECM of SpA. MMP19 is able to self-activate 35 enabling a local and quick response. MMP19 derived from brain-resident macrophages called microglia appears to play a role in demyelination in multiple sclerosis. 35 A more detailed analysis of MMP11 and MMP19 function in decidua is now required.
Expression of MMP16 by dNK cells has been reported. 16 However, this is the first study to identify it in decidual macrophages. Like MMP14 (membrane-type-MMP, MT-MMP1), MMP16 (MT-MMP3)
can form complexes with pro-MMP2 and TIMP-2 and activate
MMP2
. 36 High expression of MMP16 is associated with invasion in gastric cancer. 36 Although MMP23 expression by dNK cells has previously been reported, 16 the current study found little of the respective mRNA, and it was not selected for further analysis. Recently, MMP1
and MMP10 were detected in macrophage CM, 5 however mRNA encoding these MMPs was also very low in our study.
As collagen is a major mural ECM component of the SpA, 6 we focused on collagen I and gelatin breakdown by MMP2 and - Thus non-ECM related roles may also be important in the decidua basalis, both for immune cells and for the nonmotile decidual stromal cells.
Some gestational age effects were detected in dNK and macrophage MMP expression, most notably a decline in MMP2 and TIMPs with advancing gestation. These changes are inconsistent with a recent study showing no changes in MMP secretion by decidual macrophages with advancing gestation, 5 potentially due to differences in the gestation groupings (8-10 vs 12-14 weeks compared to 5-7 vs 8-11 weeks in our study), or may reflect additional regulatory steps between the mRNA and secretion of mature protease. However, our findings may have biological significance as we propose that immune cell-mediated ECM degradation occurs during early SpA remodelling prior to EVT-mediated remodelling. iEVT and vEVT abundantly express MMPs, 16 and we identified a comparatively higher level of MMPs and TIMP expression by vEVTs than decidual stromal cells.
We used positive selection to isolate decidual immune cells which certainly provides higher purity than negative selection.
However, use of beads and cell surface protein interactions raises a possibility of cell activation. In our study, cell purity was important and hence a positive isolation method was utilised and mRNA extracted immediately after isolation. 
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